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ABSTRACT The spectrin network on the ence of these barriers is shown to be short-range diffusion is still possible.
cytoplasmic surface of an erythrocyte equivalent to bond percolation on the Monte Carlo calculations yield the aver-
can be modeled as a triangular lattice honeycomb lattice. Monte Carlo calcu- age distance over which short-range
of spectrin tetramers (Tsuji, A., and S. lations for this system then yield the diffusion can occur, as a function of the
Ohnishi. 1986. Biochemistry. 25:6133- relative diffusion constant of a mobile fraction of spectrin tetramers. Applica-
6139). The tetramers act as barriers to integral protein as a function of the tions to erythrocyte development and
protein diffusion, while dissociated fraction of spectrin tetramers. At high hereditary hemolytic anemia are dis-
dimer pairs, single dimers, and missing concentrations of spectrin tetramer, cussed.
tetramers do not. Diffusion in the pres- long-range diffusion is blocked, but
INTRODUCTION
Lateral diffusion in an erythrocyte membrane is strongly
influenced by the network of spectrin bound to the
erythrocyte. Here I present Monte Carlo calculations
based on a model of the effect of this network on lateral
diffusion. The calculations show the influence of the
integrity of the spectrin network on the diffusion constant
for long-range diffusion and on the range of short-range
diffusion. The model presented here is applicable to
protein diffusion in erythrocytes, but lipid diffusion is not
significantly influenced by the presence of spectrin
(Sheetz et al., 1980; Bloom and Webb, 1983).
At the cytoplasmic surface of the erythrocyte, spectrin
heterodimers are associated end-to-end to form tetra-
mers. Actin and band 4.1 are bound to the other end of the
tetramers, linking them into a network. Spectrin is con-
nected to band 3 by ankyrin and to glycophorin by band
4.1. These connections to integral proteins bind the net-
work to the membrane. (Cohen, 1983; Goodman and
Shiffer, 1983; Sheetz, 1983; Bennett, 1985; Marchesi,
1985; Anderson, 1986).
Approximately 40% of the band 3 dimer is bound to the
spectrin network; the rest is unattached (Nigg and Cher-
ry, 1980). The band 3 molecules bound to spectrin are
immobile, showing no rotational or lateral diffusion. The
remaining molecules of band 3 show free rotational
diffusion (at a rate influenced by the self-association of
band 3), but long-range lateral diffusion is blocked by the
spectrin network (Cherry et al., 1976; Muihlebach and
Cherry, 1985). The length of a spectrin tetramer is -76
nm in the native conformation, and 200 nm in the fully
extended conformation (Sheetz, 1983). If unbound mole-
cules of band 3 are trapped in regions of this size, band 3
is then immobile over the distances of 1 to 2 Aim observed
in photobleaching experiments.
The influence of the spectrin network on lateral diffu-
sion has been demonstrated in many experiments in which
agents altering the structure of the network have a major
effect on the lateral diffusion of integral proteins. Addi-
tion of ankyrin decreases the amount of band 3 that is
mobile but does not change the diffusion constant of the
mobile fraction (Tsuji and Ohnishi, 1986). Blocking the
connection between spectrin and band 3 by adding the
72-kD fragment of ankyrin increases the diffusion rate of
integral proteins (Fowler and Bennett, 1978; Golan and
Veatch, 1982). Removal of the cytoplasmic domain of
band 3 by treatment with trypsin increases the diffusion
constant of band 3 by a factor of 8 (Tsuji and Ohnishi,
1986). Polyphosphates disrupt the spectrin-actin linkage
and increase the diffusion constant of integral protein
(Schindler et al., 1980; Sheetz et al., 1982; Tsuji and
Ohnishi, 1986). Polyamines decrease the diffusion con-
stant, either by binding polyphosphates or by interacting
with membrane proteins directly (Schindler et al., 1980;
Tsuji and Ohnishi, 1986). Diamide crosslinks spectrin
and decreases the mobility of band 3 (Smith and Palek,
1982). Low temperatures and high ionic strength increase
spectrin association and lower the diffusion constant
(Golan and Veatch, 1980). In spherocytic mouse cells,
spectrin is absent, and the diffusion rate of integral
proteins is ;50 times that observed in normal cells
(Sheetz et al., 1980). In tethers, the lipid bilayer is
separated from the membrane skeleton, and lateral diffu-
sion is greatly enhanced (Berk et al., 1988).
In early work, spectrin was simply thought of as a
network of unspecified geometry (Steck, 1974; Cherry et
al., 1976). Sheetz (1983) pictured the network as a
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latticework of corrals with gates that are open or closed
depending on the association of the spectrin tetramers.
Recent electron microscopy has shown that in spread
erythrocytes 80 to 90% of the spectrin is organized into a
triangular lattice (Beaven et al., 1985; Byers and Bran-
ton, 1985; and especially Liu et al., 1987). Not all
junctions have exactly six spectrin molecules attached,
and higher oligomers of spectrin may be present in low
concentrations, but on the average the structure is well
represented by a triangular lattice.
Assume a model in which the spectrin network forms a
triangular lattice, as shown in Fig. 1 a. The junctions
consist of actin and band 4.1. All adjacent junctions are
potentially connected by spectrin tetramers. Tetramers
act as barriers to protein diffusion, while dissociated
dimer pairs, single dimers, and missing tetramers allow
proteins to diffuse from triangle to adjacent triangle. This
model is a slight generalization of that of Tsuji and
Ohnishi (1986).
Label the interior of each triangle with an open circle,
representing the average position of a free integral protein
in the triangle, and observe that the open circles form a
honeycomb lattice (Fig. 1 b). Then connect neighboring
open circles by bonds. A spectrin tetramer corresponds to
a blocked bond, and a dissociated dimer pair corresponds
to a conducting bond (Fig. 1 c). Thus, long-range diffu-
sion through the spectrin network is equivalent to bond
percolation on the honeycomb lattice, which is the dual of
the triangular lattice (Wannier, 1945). If the lattice
constant in the triangular lattice is ITRI, then the lattice
constant in the honeycomb lattice is IHC = ITRI! V1F. (An
excellent introduction to percolation theory is given by
Stauffer [1985]; applications to lateral diffusion are
discussed by Saxton [1982, 1987b].)
Since diffusion through the spectrin network is equiva-
lent to diffusion on a lattice, a percolation threshold
exists. At concentrations of blocked bonds below the
threshold, diffusion is possible over an arbitrarily long
range; above the threshold, long-range diffusion is
a b
blocked. Only short-range diffusion is possible, and the
range of short-range diffusion decreases as the concentra-
tion of blocked bonds increases.
Consider the following analogy. Suppose that one is
trying to cross a town, and the public works department is
barricading the streets at random. Long before every
street is barricaded, it will be impossible to travel across
town, though travel in small neighborhoods will still be
possible. Bond percolation corresponds to barricades in
the middle of blocks; site percolation, to barricades of
intersections. The lowest fraction of random barricades
sufficient to prevent long-range travel corresponds to the
percolation threshold.
Bond percolation on a lattice can be treated readily by
Monte Carlo techniques. A lattice is constructed with a
prescribed fraction of the bonds blocked at random. Then
a tracer particle is placed at random at a lattice site and
allowed to move by a random walk for a prescribed
number of time steps. This calculation is repeated for an
ensemble of tracers and lattice configurations, and the
mean-square displacement is found as a function of the
number of time steps. The diffusion constant is obtained
from the mean-square displacement. These calculations
yield the diffusion constant as a function of the fraction of
bonds blocked. This treatment is appropriate when each
bond remains open or closed over the entire course of the
diffusion measurement; the case of transient barriers is
discussed below.
METHODS
The general approach to Monte Carlo calculations of lattice diffusion is
similar to that used earlier (Saxton, 1987b). To treat bond percolation,
extensive modification to the program was required.
The algorithm used is as follows. First, a linked list is constructed for
the perfect honeycomb lattice, listing all the sites and the sites to which
they are connected. Then, a random site and a random bond at that site
are chosen and blocked; this is repeated until the prescribed fraction of
bonds has been blocked. Next, a random site is chosen as the starting
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FIGURE 1 Geometry of the spectrin lattice and the resulting bond percolation model. (a) Triangular lattice of junctions connected by spectrin
tetramers (solid line) or dissociated dimer pairs (dashed line) as in the model of Tsuji and Ohnishi (1986). (b) The same lattice with interiors of
triangles marked by open circles, forming a honeycomb lattice. (c) The honeycomb lattice derived from a. Paths obstructed by tetramers in a

















point of the tracer executing the random walk. At each time step of the
random walk, one of the three bonds at the current location of the tracer
is chosen at random. If the bond is conducting, the tracer is moved to the
appropriate site; if the bond is blocked, the tracer is not moved. In either
case the time is increased by one unit. This procedure is repeated for a
fixed number of time steps, and the position of the tracer is recorded
periodically. The random walk is repeated for various starting points
within a fixed configuration of blocked bonds, and for various configura-
tions of blocked bonds. These calculations yield the mean-square
displacement (r2) of the ensemble of tracers as a function of time t for a
given fraction b of blocked bonds. Below the percolation threshold, this
is fit to the equation
(r2(t)) =4Dt +A+ Blnt
10
0
(1) 5 10 15 20 25
as described previously (Saxton, 1987b), and the normalized diffusion
constant
D*(b) = D(b)/D(O) (2)
is evaluated. Here D(0) = Fl'c/4 is the diffusion constant for the
perfect lattice, 'HC is the lattice constant, and r is the jump rate of
tracers, here taken to be the reciprocal of the unit of time. The terms
A + B ln t in Eq. 1 come from the long-time tail in the velocity
autocorrelation function (Tahir-Kheli and El-Meshad, 1985; Van Bei-
jeren and Kutner, 1985). These terms lower the diffusion constant by 1%
or less for b < 0.20, 10% or less for 0.25 < b < 0.325, and 30% for
b = 0.345, near the percolation threshold.
The calculations were carried out for a 201 x 201 lattice with periodic
boundary conditions. Typically, in the calculations of D*(b) below the
percolation threshold, 150,000 time steps were used for each of 50
configurations of bonds and 100 tracers per bond configuration. If
necessary, longer runs (300,000 time steps) were used to evaluate
( r2(x) ) .
RESULTS
FIGURE 2 Mean-square displacement (r2) of diffusing particles as a
function of time for diffusion on the honeycomb lattice with various
fractions b of blocked bonds. The unit of length is the lattice spacing IHC,
and the unit of time is the reciprocal of the jump frequency r.
curve:
D*(b) = 1 - 3b. (3)
Eq. 3 is a good approximation except in the neighborhood
of bc, accurate to 10% or better for b < 0.30.
As shown in Fig. 3, the diffusion constant decreases
monotonically with the fraction of tetramers, and goes to
zero at the theoretically established percolation threshold
bc = 0.34729 (Essam, 1972). (In the percolation litera-
ture, the percolation threshold is usually given in terms of
the fraction of conducting bonds pc, not the fraction of
blocked bonds bc, so bc = 1 - pc.) In normal erythrocytes,
b = 0.95 (see below), so that long-range diffusion, as
The diffusion constant as a
function of spectrin tetramer
concentration
Results of the Monte Carlo calculations are presented in
Fig. 2, which shows the mean-square displacement (r2 )
as a function of time for various fractions b of blocked
bonds. Below the percolation threshold, for large times,
( r2 ) increases linearly with time, and the diffusion
constant is obtained from the asymptotic slope according
to Eq. 1. Above the percolation threshold, diffusing
particles are trapped in small clusters, and (r2(t) )
reaches a finite limit (r2(o)), proportional to the average
size of a cluster of connected bonds at that concentra-
tion.
In Fig. 3, the normalized diffusion constant D*(b) is
given as a function of the fraction b of blocked bonds
(corresponding to the fraction of spectrin present as
tetramers or higher oligomers. All of these are counted as
tetramers). Fig. 3 also shows the effective-medium










FIGURE 3 Normalized diffusion constant D * as a function of the
fraction b of blocked bonds. The percolation curve is applicable when the
barrier lifetime is long on the time scale of the measurement; Eq. 8,
when the barrier lifetime is short. Crosses, data points from Monte
Carlo calculations. Dotted line, Eq. 8. Solid line, Eq. 3, the effective-
medium approximation to the percolation curve.
Saxo Spcti as a Bare to DifsoSaxton Spectrin as a Barrier to Diffusion 23
measured in fluorescence photobleaching experiments, is
blocked. Experiment shows that the diffusion constant of
band 3 in normal erythrocytes is 1/400 that of band 3
reconstituted in dimyristoylphosphatidylcholine (Chang
et al., 1981).
To choose the reference state D(0) in Eq. 2 appropri-
ately, we must examine the effects of various classes of
proteins on lateral diffusion. Consider a lipid bilayer with
the composition and asymmetry of the erythrocyte
bilayer. If band 3 and glycophorin were added to the
bilayer at physiological concentrations, the diffusion con-
stants of lipid and protein would be lowered (Saxton,
1982; Golan et al., 1984). The diffusion constant of band
3 in such a membrane is equivalent to that measured by
Sheetz et al. (1980) in erythrocytes of spherocytic (S-)
mice, for which D(S-) = 250 x 10" cm2/s. If spectrin
dimer, actin, and the other proteins of the membrane
skeleton were then bound to the bilayer at physiological
concentrations, the diffusion constant would be lowered
further, to a value D(dimer). If the spectrin were then
allowed to form tetramers, the diffusion constant would
be lowered to a value D(normal) = 4 x 10-"1 cm2/s
(Golan and Veatch, 1980; Sheetz et al., 1980; Chang et
al., 1981; Koppel et al., 1981).
If measurements are made on cells in which part of the
spectrin is missing, the appropriate reference state is
D(S-), the value with no spectrin present. If spectrin is
present at normal concentration but unable to associate
normally, the appropriate reference state is D(dimer).
The range of short-range diffusion
Above the percolation threshold, only short-range diffu-
sion is possible, but percolation effects are still observable.
Fig. 2 shows that as the concentration of blocked bonds
increases, a diffusing particle is restricted to smaller and
smaller neighborhoods, until finally it is trapped in a
single triangle of the spectrin lattice.
The distance over which short-range diffusion can
occur can be related to b by percolation theory (Stauffer,
1985). Near the percolation threshold bc,
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FIGURE 4 Double logarithmic plot of limiting cluster size (r2(oo)) as a
function of the distance b - bC from the percolation threshold b, -
0.34729. The unit of length is the lattice spacing IHC- Crosses, data
points from Monte Carlo calculations. Solid line, Eq. 5. Dotted line,
limiting value AlbH'c.
calculations and from Eq. 5. The scaling law breaks down
far from the percolation threshold, but this is of little
practical importance. A tracer is always free to diffuse
within its own triangle of spectrin tetramers, so that, as
shown in Fig. 4, ( r2(o) ) can be no smaller than 1/612TRI =
'/2lHc, twice the radius of gyration (Mitescu and Rous-
senq, 1983; Vicsek, 1983) ofan equilateral triangle of side
ITRI- In Eq. 5, (r2(oo)) is expressed in lattice constants for
the honeycomb lattice, IHC = 44 nm. So in the normal
membrane, with 5% dimer, the diffusion distance
(r2(oo) is 690 nm2. In a pathological erythrocyte (see
below) with 36% dimer (Liu et al., 1981), b = 0.64, and(r2(oo) ) = 4,300 nm2.
The diffusion constant calculated in this paper is the
value for long-range diffusion. As shown by Eisinger et al.
(1986), in the presence of obstacles the short-range and
long-range diffusion constants are different. The depen-
dence of the diffusion constant on the distance over which
diffusion is measured can be obtained from Monte Carlo
calculations (Saxton, 1987a).
(4)
where e = lb - bj is the distance from the percolation
threshold, and v are scaling exponents, and AO is a
constant. (The exponent v describes the scaling behavior
of the correlation length (, an average cluster size:
The exponent comes from averaging over all cluster
sizes.) The scaling exponents are = 5/36 and v = 4/3
(Stauffer, 1985), and Ao is evaluated from a least-square
fit to the Monte Carlo results, giving
(r2(oo) ) = o.0991(b -bj -2.5278 (5)
Fig. 4 shows values of (r2(oo)) from the Monte Carlo
DISCUSSION
Changes in the membrane
skeleton during development
Concanavalin A induces clustering and endocytosis of its
binding sites in neonatal erythrocytes but not in adult
erythrocytes, as demonstrated by electron microscopy.
Small clusters are formed, but capping does not occur,
suggesting that membrane proteins are mobile in discrete
domains (Schekman and Singer, 1976). The clustering
occurs in regions free from spectrin, as shown in experi-
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ments in which cells pretreated with concanavalin A were
labeled with a ferritin-labeled antibody to spectrin. Invag-
inations and intracellular vesicles showed no labeling for
spectrin, while areas of membrane adjacent to invagina-
tions were heavily labeled (Tokuyasu et al., 1979). Simi-
larly, concanavalin A-induced endocytosis decreases dur-
ing maturation of reticulocytes. This was attributed to the
progressive elimination of gaps in the spectrin network
(Zweig and Singer, 1979). Both endocytotic and exocy-
totic vesicles are depleted in spectrin and actin (Schrier et
al., 1986, and references cited therein).
These results can be understood in terms of the percola-
tion model. As spectrin is added to the network, the
long-range diffusion constant decreases as shown in the
percolation curve in Fig. 3. At the percolation threshold,
long-range diffusion is blocked, and further addition of
spectrin reduces the distance over which short-range
diffusion can occur, as shown in Fig. 4.
Abnormalities in the spectrin
network
Abnormalities in the spectrin network can result from a
deficiency of normal protein, or from various defects in
the proteins preventing normal protein-protein associa-
tion (Palek and Lux, 1983; Becker and Lux, 1985; Palek,
1985; Zail, 1986). Abnormalities affecting individual
spectrin linkages in an uncorrelated manner are equiva-
lent: the absence of spectrin, defects in spectrin-spectrin
binding, the absence of band 4.1, or defects in spectrin-
band 4.1 binding. These defects simply decrease the
fraction b of tetramers. A qualitatively different problem
would result from a defect in actin preventing normal
binding of spectrin. In this case, a junction in the triangu-
lar lattice is removed, not a bond, so that all six bonds
surrounding that junction are absent, and the correspond-
ing six bonds in the dual honeycomb lattice are
unblocked. This is a correlated bond percolation problem,
with a different percolation threshold from the usual
uncorrelated problem.
An abnormal erythrocyte can have both a deficiency of
spectrin and a defect blocking dimer-dimer association.
The fraction b of tetramer can be obtained from measur-
able quantities as follows. Let FM be the fraction of
spectrin missing. The observed ratio of spectrin to band 3
in a ghost is then 1 - FM. If nD moles of dimer and nT
moles of tetramer are bound to the membrane, then the
mole fraction of dimer unable to associate normally is
simply the observed fraction of spectrin dimer, FD =
nD/(nD + 2nT). (This quantity is measured by nondena-
turing gel electrophoresis at low temperature [Palek,
1985].) Then
b= I -[FM + (1-FM)FD]. (6)
The first term in the brackets represents the missing
spectrin, and the second term represents spectrin that is
present but unable to associate normally. So
b = (1 - FM)(I - FD). (7)
The concentration of dimer is well below the percola-
tion threshold in normal erythrocytes and in most cases of
hereditary hemolytic anemia. In normal erythrocytes, the
fraction of dimers is approximately 5% (Palek and Lux,
1983), and b = 0.95. Eight cases of hereditary elliptocyto-
sis showed 15 to 33% dimer (Liu et al., 1982), giving
b = 0.67 to 0.85. Liu et al. (1981) reported two cases of
hereditary pyropoikilocytosis with 30 to 40% dimer, so
that b = 0.6 to 0.7. Agre et al. (1985) reported a case of
hereditary spherocytosis in which the spectrin/band 3
ratio is 0.45 by radioimmunoassay, so that b = 0.45.
Rarely, the dimer concentration is above the percolation
threshold. In one case of hereditary pyropoikilocytosis(Peterson et al., 1987), only 69% of the normal amount of
spectrin is present, and of the spectrin that is present 61%
is dimer, so that b = 0.27. In a case of homozygous
hereditary elliptocytosis (Evans et al., 1983), there was
82% dimer, and b = 0.18, apparently the lowest value that
has been found in human erythrocytes. Mouse sphero-
cytes have been reported in which all the spectrin is
missing (Greenquist et al., 1978; Shohet, 1979). Very low
concentrations of spectrin are uncommon; if the concen-
trations of spectrin are low enough to allow diffusion, the
erythrocytes are very fragile. This behavior would be
predicted by a percolation model of elasticity (for exam-
ple, Kantor and Webman, 1984; Sahimi and Goddard,
1986).
Transient barriers
The percolation curve in Fig. 3 is appropriate when the
bonds remain open or closed over the entire course of a
diffusion measurement. The straight line in Fig. 3 is the
limit in which the bonds open and close so quickly that
there is no correlation between one attempt of a tracer to
move and the next. A tracer attempting to move to an
adjacent site is blocked with a probability b and is
successful with a probability 1 - b. The diffusion con-
stant is simply
D*(b) = 1 -b, (8)
and there is no percolation threshold. Intermediate rates
of bond opening are expected to yield intermediate curves,just as in the site problem with mobile obstacles on the
square lattice (Saxton, 1987b) and the triangular lattice
(Saxton, 1988).
Tsuji and Ohnishi (1986) measured the diffusion con-
stant of band 3 as a function of dimer concentration over
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the range b = 0.50 to 0.67. The observed diffusion
constants yield D* = 0.021 to 0.0016, while the percola-
tion model predicts that the diffusion constant is zero for
this range of b. These results suggest that the actual
diffusion constant follows an intermediate curve that is
close to the percolation curve but does not have such a
sharp cutoff at the percolation threshold. A curve of this
form would be expected if the time for barriers to open
and close was somewhat shorter than the characteristic
time for the photobleaching measurement. (In these
experiments, the beam radius r was 0.8 ,um, so that the
characteristic diffusion time is r = r2/4D = 40 s.)
If spectrin is unable to associate normally, as in cells
with defective spectrin or in normal cells treated with a
sulfhydryl-blocking agent (Smith and Palek, 1983), the
observed diffusion constant will follow this modified
percolation curve. If agents are used which increase the
rate of breaking and reforming tetramers, such as 2,3-
diphosphoglycerate (Sheetz, 1983), D*(c) will be shifted
toward the curve of Eq. 8, and the cutoff at the percola-
tion threshold will be less distinct.
Koppel et al. (1981) presented a model of matrix
control of diffusion in which diffusion involves two inde-
pendent events: (a) Free diffusion between barriers at a
rate determined by the bilayer (diffusion constant DBL);
and (b) breakdown and crossing of the barrier (diffusion
constant DM). The overall diffusion constant is then
D = DBLDM/(DBL + DM). Following Koppel et al. (1981),
assume that DM = X2/4r. Here the average area per
barrier is X2, and the diffusion time is r = TCL/P, where 1CL
is the average length of time a barrier is closed, and P is
the probability that the particle will cross an open barrier.
For the lattice geometry assumed here,
HC=Jl1c/2b, (9)
so that
DM = 1XPl3c/8bTCL. (10)
Consider the limit in which barrier crossings are rate-
limiting, so that D = DM. In Eq. 10, take P = 1, b = 1,
IHC = 44 nm, and D = 4 x 10-11 cm2/s. Then TCL = 0.1 S.
That is, for diffusion to occur at the observed rate, the
barriers have to open every 0.1 s.
For spectrin in solution, the kinetic measurements of
Ungewickell and Gratzer (1978) give an opening rate of
1.6 x 10-3 s-', so that rCL = 625 s. The large discrepancy
between the calculated and observed values of TCL would
be resolved if the rate of dimer-tetramer conversion in the
erythrocyte is much higher than that observed in solution
(Sheetz and Casaly, 1981; Sheetz, 1983). The conversion
rates may differ because binding of spectrin to the
erythrocyte membrane increases the local concentration
of spectrin and constrains its geometry (Liu and Palek,
1980), or because the concentration of 2,3-diphospho-
glycerate and the ionic strength are different in solution
and in the erythrocyte (see Sheetz and Casaly, 1981;
Sheetz, 1983; Waugh, 1986.) Alternatively, the confor-
mational change permitting crossing of the spectrin bar-
rier is something other than tetramer-dimer conversion,
such as the transient detachment of a segment of the
spectrin tetramer from the membrane.
An alternative to the barrier model is one in which
protein diffusion is slowed by transient low-affinity bind-
ing of mobile species to immobile species of the mem-
brane skeleton. Sheetz (1983) discusses the two models
and argues that the barrier effect predominates. But both
effects could occur simultaneously; band 3 is known to
self-associate (Muihlebach and Cherry, 1985).
Applicability to other cells
Spectrin-like molecules form networks associated with
the plasma membrane in a wide variety of cells other than
erythrocytes (Nelson and Lazarides, 1984; Pauly et al.,
1986; Goodman and Zagon, 1986; Nelson and Veshnock,
1986). The treatment presented here is qualitatively
applicable to these cells. Other network geometries will
yield similar curves for D *(b), but the percolation thresh-
old will depend on the coordination number z of the
lattice. Values of the percolation threshold range from
0.35 for the honeycomb lattice (z = 3) to 0.65 for the
triangular lattice (z = 6) (Stauffer, 1985).
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